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SYNOPSIS High strain rate tests were conducted on specimens of three different ~ands at saturati~ns vary~ng. from d? to
100% using a Split-Hopkinson Pressure Bar. Compacted specimens ~ere subjected to. undramed umax1al. confmed
compression at approximate strain rates of 1000/s and 2000/s by an approximate square wave mput of 2~5 MPa. w1th a pulse
length of 250 JlS. The stress-strain curves show an initially steep portion wh~ch appe~rs ~o ~e stra1.n rate 1~dep~ndent.
Beyond this, slopes are about the same up to the lock-up strain, an abrupt change 1~ slope, md1catmg an mcrease 1~ stiffness.
The effect of increasing saturation is to increase the slope or stiffness of the matenal. Results suggest that the sml skeleton
dominates the response up to lock-up and the water phase dominates the response beyond.
INTRODUCTION
Differences in the stress-strain response for dry and moist
soils under both dynamic and static one-dimensional loading
conditions have been observed experimentally by a number
of researchers at various strain rates. The current state of
affairs with regards to the uniaxial stress-strain behavior of
soils is accurately described by (2): "It has long been
recognized that the one-dimensional or uniaxial strain
response of most soils subjected to high intensity transient
loads differs from the response measured under static
conditions. As the time to peak pressure decreases, most
soils exhibit a stiffening of the loading stress-strain
response. The stiffening is usually referred to as a time or
loading rate effect.
Some researchers (3,8,9) have
suggested that, as the time to peak pressure approaches the
submillisecond range, a drastic increase (up to tenfold) in
the loading constrained modulus occurs for partially
saturated granular soils under unconsolidated-undrained
conditions. The existence of this effect has been the subject
of much debate." Many researchers have attempted to
address the controversy surrounding the issue of strain rate
effects in dry and unsaturated soils. However, little if any
actual data are available for the transient dynamic behavior
of unsaturated soils, particularly at high strain rates such as
from conventional weapons detonations. In addition, there
are currently no theoretical, empirical or numerical
methods available to predict the dynamic stress-strain
response of unsaturated soils at high strain rates.
Recent research (1,5,6,7) using the Split-Hopkinson
Pressure Bar (SHPB) at AFCESA/RACS, Tyndall AFB, to
study unsaturated soil behavior has shown that: a) the
presence/amount of moisture significantly affects the
dynamic and static response; and b) the stress transmitted,
stiffness, and wave speed vary with the amount of moisture
present during compaction. Similar observations have been
made by other researchers J>ut a clear, concise explanation
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of the phenomenon is not currently available. This is
primarily due to the fact that the multiphase behavior of
unsaturated soils, the interaction between the individual
phases (air, water and solid), and load transfer mechanisms
in soils, particularly moist soils, are not well understood.
The research described was conducted to experimentally
investigate the dynamic undrained uniaxial compressive
stress-strain behavior of compacted moist soils at high strain
rates using the Tyndall SHPB. The SHPB has been
successfully used with concrete, metals, composites and
foams at high strain rates.
Special equipment and
techniques were developed for using the SHPB with soils.
EXPERIMENTAL INVESTIGATION
Materials Tested and Specimen Preparation
Three different granular soils were tested using the SHPB at
Tyndall AFB: Eglin sand (from Eglin AFB), Tyndall sand
(from Tyndall AFB), and Ottawa 20-30 sand (commercially
available). Eglin sand is medium to fine, angular to
subangular with about 7% fines; Tyndall sand is fine,
uniform and subangular with no fines; and Ottawa 20-30
sand is medium, uniformly graded, subrounded to rounded
with no fines. Table 1 gives physical properties data and
Fig. 1 compares the grain size distributions.
Specimens of each sand were compacted in a single layer to
a constant dry density at saturations varying from 0% to
100% using a Standard Proctor hammer. Compacted
specimens lengths were 1.27 em or 0.635 em. All
specimens were prepared in a 7.62 em long seamless
stainless steel container with a 2.54 em thick wall and 5.08
em inside diameter. The rigid thick-walled container was
used during SHPB testing to simulate the one-dimensional
strain conditions encountered near explosive detonations.

For moist specimens, the amount of water for a gtven
saturation at f'mal compacted density was thoroughly mixed
with dry soil and allowed to equilibrate before compaction.
For dry specimens, soil was poured directly into the
specimen container and compacted. The compactive effort
to obtain a constant dry density for each soil varied with the
amount of moisture. Compacted specimens were held in
place by two 0.635 em thick stainless steel wafers fitted with
o-ring seals to prevent pore fluid drainage during specimen
preparation and SHPB testing (Fig. 2). One wafer was
inserted before compaction and the other carefully placed
after compaction to ensure full contact with the specimen.

and 0.635 em long specimens, respectively. In all tests, a
0.653 m long striker was fired at a cannon pressure of 690
kPa and produced a square wave input stress of
approximately 225 MPa with a peak stress rise time of
about 50 J.1S and a 257 J.1S pulse width. Eglin and Ottawa
20-30 sand data were obtained at both strain rates and
Tyndall sand data were only· obtained at 1000/s. Due to
difficulties in obtaining reliable data for saturated Ottawa
20-30 sand, results have not been included.
Figs. 3 to 7 show the undrained uniaxial stress-strain
results. General features of the data are: a) an initially steep
loading region, probably associated with the initial loading
pulse rise (appears to be strain rate independent); b) the
slopes of each curve are about the same after the initial
steep portion up to the "lock-up" strain (abrupt change in
slope after initial rise); c) the initial saturation affects the
initiation of lock-up (lower strain with increasing
saturation); and d) after lock-up, a stiffening response with
a slope approximately that of pure water (Fig. 8). A
comparison of the three soils indicates that: a) regardless of
initial saturation and soil type, the curves are nearly
identical after the initial steep loading portion; b) the lockup strain is somewhat different for each soil at the same
saturation; c) lock-up did not occur below 80% saturation in
the Ottawa 20-30 sand. Differences in basic features
between the curves for the three different soils are most
likely due to differences in grain and pore characteristics.

Split-Hopkinson Pressure Bar (SHPB)
The SHPB facility at Tyndall AFB consists of: a) a dynamic
loading system with a nitrogen pressurized cannon to fire
5.08 em diameter stainless steel projectiles (striker) of
varying lengths at the incident bar; b) a 5.08 em diameter,
3.66 m long stainless steel incident bar; c) a 5.08 em
diameter, 3.35 m long stainless steel transmitter bar; d)
electronic strain gage instrumentation; e) a digital storage
oscilloscope; and f) a desktop computer for data analysis.
During testing, measurements of the incident, reflected and
transmitted strains (Ei , Er , Et , respectively) are made in
the incident and transmitter bars by the strain gages. Direct
measurements of stress and strain within the specimen are
not made. The average strain, Es , average strain rate, £ ,
and average stress, a 8 , in the specimen (Fig. 2) lre·
determined from the strain gage data using the following
relationships derived from elastic theory (4):

For the unsaturated soil-water mixtures and the dry soil, the
soil skeleton dominates the response from the initial loading
to lock-up. Lock-up did not occur at lower saturations even
at large compressive strains due, to insufficient pore space
reduction. After lock-up, the slopes are nearly parallel to
that for 100% saturation which is about 2.5 MPa or 10%
greater than that for fresh water as reported in the
literature. Therefore, lock-up represents a fully saturated
condition and the results suggest that the water phase
dominates the response from lock-up initiation and beyond.

(1)
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Data for the 2000/s strain rate show increasing dispersion
(waviness) for the Eglin sand, being much less for the
Ottawa 20-30 sand. Dispersion is most likely due to
differences in grain characteristics (distribution, size,
shape), and the shorter specimen length may be approaching
a limiting value interms of particle size relative to loading
pulse length. It appears there may be some strain rate
effects, however, these data are insufficient to adequately
demonstrate this.

(3)

where L 0 is the initial specimen length, c 0 is the wave
speed of the incident and transmitter bars, and E is Young's
modulus of the bars. Derivation of these equations assumes:
a) incident and transmitter bars are of the same material; b)
loading stresses are in the elastic range of the bars; c) a
uniform one-dimensional stress state in the specimen; d)
equal forces on each end of the specimen; and e) the
specimen and bars have equal cross-sectional areas. The
uniaxial stress-strain curves are developed using these
equations and the raw data. Data analysis includes a
dispersion correction for wave spreading in the bars and an
FFI' using n= 17.

Table 2 compares approximate measured lock-up strains
from the SHPB data with the calculated theoretical
compressive strains required to reach full saturation. The
calculations only consider the volume of air-filled void
space in each soil, which varies with initial voids and
saturation, and generally do not agree with measured lockup strains. However, multi-phase interactions of the soilwater mixtures have not been accounted for. A complete
description of the problem becomes very complex since, in
general, four different interacting phases exist: a) the soil
skeleton; b) the pore air; c) the pore water; and d) the soil

RESULTS AND DISCUSSION
Tests were conducted on the Eglin, Tyndall and Ottawa 20. 30 sands at varying saturations and at strain rates of
approximately 1000/s and 2000/s, obtained using 1.27 em
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grains. The individual stress-strain responses can be
determined separately, however, their interrelationship
determines the overall behavior. Also, the dominance of
any one (or combination) of these phases can change with
initial conditions and those during loading (i.e., strain
magnitude).
However, this is not well defined or
understood, particularly for transient dynamic loadings.
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CONCLUSIONS
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7.

Veyera, G.E. and Ross, C.A. (1995), "Stress Wave
Propagation in Unsaturated Sands," Proc., 3rd Int'l
Conf. on Recent Advances in Geotech. Earthquake
Engrg. and Soil Dynamics, St. Louis, MO.

8.

• For the unsaturated soil-water mixtures and the dry soil,
the soil skeleton dominates the response from the initial
loading to the lock-up strain. Lock-up did not occur at
lower saturations even at large strains.
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Rpt. No 3-26, US Army WES, Vicksburg, MS.
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• The lock-up strain represents a fully saturated condition
for moist soils and the results suggest that the water phase
dominates the response from the initiation of lock-up and
beyond. The initiation of lock-up is dependent on initial
saturation and varies somewhat with soil type.

Table 1. Physical Properties Data for Sands Tested.

• The SHPB has been demonstrated to be a viable technique
for high strain rate dynamic geotechnical testing of sands.
• The saturation dependent uniaxial stress-strain behavior
observed in this study has been theorized and
hypothesized in the past by other researchers, however,
these results appear to be the first detailed measurements
of this phenomenon for undrained uniaxial confined
compressive loadings at high strain rates.

Eglin
SP-SM
2.65
0.26
3.41
1.29
12
7
1,755
1,450
0.817
0.510

uses Classif.
Specific Gravity
D 50 (mm)
Cu
Cc
% -#100
% -#200
( 'Y d )max (kglm3)
( 'Y d )min (kglm3 )
Max.void ratio
Min. void ratio

• Results of studies such as this will lead to a better
fundamental understanding load transfer mechanisms and
constitutive relationships for upsaturated soils and have
direct applications to groundshock prediction techniques,
including stress transmission to structures.
(The authors have conducted additional SHPB tests
including some at higher strain rates which will be the
subject of a future journal publication.).

Tyndall
SP
2.65
0.19
1.18
0.95
2
0
1,630
1,450
0.817
0.621

Ottawa 20-30
SP
2.65
0.70
1.40
1.03
<1

0
1,715
1,560
0.705
0.545
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Note: a Theoretical compressive strain. For S=O%, this
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b Lock-up strain for strain rate = 1000/s.
c Lock-up strain for strain rate= 2000/s.
d Lock-up compressive strains not developed.
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Fig. 1. Grain Size Distributions.
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Fig. 7. SHPB Undrained UXC Stress-Strain Response for
Tyndall Sand (Strain Rate = 1000/s).
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Fig. 8. SHPB Undrained UXC Stress-Strain Response for
Water (Strain Rate= 1000/s).
34

